+ has an adenine subunit and a nicotinamide subunit, which can absorb MWCNTs through the π-stacking interaction, 24 A nanocomposite platform built with multi-walled carbon nanotubes (MWCNTs) and nicotinamide adenine dinucleotide (NAD + ) via a noncovalent interaction between the large π systems in NAD + molecules and MWCNTs on a glassy carbon substrate was successfully developed for the sensitive and selective detection of uric acid (UA) in the presence of ascorbic acid (AA), dopamine (DA). NAD + has an adenine subunit and a nicotinamide subunit, which enabled interaction with the purine subunit of UA through a strong π-π interaction to enhance the specificity of UA. Compared with a bare glassy carbon electrode (GCE) and MWCNTs/GCE, the MWCNTs-NAD + /GCE showed a low background current and a remarkable enhancement of the oxidation peak current of UA. Using differential pulse voltammetry (DPV), a high sensitivity for the determination of UA was explored for the MWCNTs-NAD + modified electrode. A linear relationship between the DPV peak current of UA and its concentration could be obtained in the range of 0.05 -10 μM with the detection limit as low as 10 nM (S/N = 3). This present strategy provides a novel and promising platform for the detection of UA in human urine and serum samples.
Introduction
Uric acid (UA), a heterocyclic compound, is a product of the metabolic breakdown of purine nucleotides, and is primarily present in urine and blood. Abnormal levels of UA are symptoms of several diseases, such as hyperuricaemia, gout, leschnyhan syndrome, cardiovascular disease and multiple sclerosis. 1, 2 Hence, the accurate monitoring and control of UA in body fluids is of great clinical significance at early stages of related diseases. Tremendous efforts have been made over the last 30 years to detect it, such as high-performance liquid chromatography, 3 ultraviolet visible spectrophotometry, 4 capillary electrophoresis, 5 fluorescence spectrometry, 6 and electrochemical analysis. 7, 8 Compared with other described methods, electrochemical analysis based on the electrooxidation of UA on an electrode surface has been shown to be very promising because it is a highly selective, cheaper and a more rapid method. [9] [10] [11] [12] However, dopamine (DA), UA and ascorbic acid (AA), with very similar electrochemical properties, always coexist in the extra cellular fluids of the central nervous system and serum in mammals, and there have an overlapping oxidation potential on many electrodes, resulting in poor sensitivity and selectivity. In order to improve the selectivity, a variety of modified electrodes were recently designed and constructed to either reduce the overpotential of AA and DA oxidation or prevent the approach of AA and DA to the electrode surface. [13] [14] [15] [16] At present, various materials, such as graphene, 15 gold nanoparticles, carbon nanotubes, 17 polymers, 13 metal nanoparticles, 18 and enzyme 19 based biosensors have been employed to elaborate the surface of working electrodes or as the electrode materials. Among these nanostructured materials, carbon nanotubes (CNTs) show favorable electrocatalytic activity for DA, UA and AA simultaneous detection by significantly reducing the oxidation overpotential, and prompting the electron transfer rate. However, CNTs are water-insoluble, and easily tend to form agglomerates that significantly reduce the active surface area, greatly hinder mass transport in the electrochemical process and often cause low reproducibility of the electrocatalysis properties. 20 In order to improve the dispersibility, many methods based on the surface modification of CNTs via covalent or noncovalent have been reported. [20] [21] [22] [23] Although most of these methods have made many contributions to disperse CNTs, they either exhibited limited sensitivity or they involved sophisticated and expensive syntheses. Consequently, it is highly desirable to develop a simple strategy to effectively dissolve and disperse CNTs for fabricating biosensor that is not sensitive, selective and reliable, but simple, practical and economical in biological and toxicological fields.
In this work, we used a small biomolecule, NAD + , to disperse multi-walled CNTs (MWCNTs). NADstably disperse in aqueous solution. Compared with the methods previously employed for surface modification of CNTs, the strategy demonstrated here avoids any complex synthetic procedures, and thereby offers a simple but effective approach to disperse MWCNTs. Then, a composite film of MWCNTs-NAD + modified GCE was prepared, and introduced into a sensor for the rapid, simple and sensitive determination of UA.
Experimental
Chemical reagents NAD + (the oxidized form of nicotinamide adenine dinucleotide) was purchased from Roche. Carbon nanotube (diameter, 40 -60 nm; length, <2 μm; purity, >97%) was procured from Shenzhen Nanotech Port Co., Ltd., China. AA, UA, and DA were procured from Aladdin. Phosphate buffer saline (PBS, 0.1 M, pH 7.0) was used as the supporting electrolyte solution. All other chemicals and reagents were of analytical grade, and prepared using ultrapure water.
Apparatus and measurements
Scanning electron microscopy (SEM) images were obtained from a SUPRA TM 55 Field Emission Scanning Electron Microscope. FTIR spectra were measured on spectrometer Nicolet 6700 (Thermo Fisher Scientific, USA) with a DTGS detector and Omnic 8.0 software.
The electrochemical experiments were performed with a CHI 760D electrochemical workstation (CHI, Chenhua, Shanghai, China). All electrochemical measurements were carried out with a threeelectrode system comprising modified and unmodified glassy carbon (GCE, 3 mm indiameter) as the working electrode, a platinum wire as an auxiliary electrode and an Ag/AgCl (3 M KCl) as a reference electrode.
Preparation of modified glassy carbon electrode
Before modification, the glassy carbon electrode (GCE, diameter of 3 mm) was polished with alumina slurries of 0.3 and 0.05 μm and sonicated in distilled water for 30 s. After successive sonication in anhydrous ethanol and ultrapure water, the electrode was rinsed with ultrapure water and allowed to dry at room temperature. In preparation of MWCNTs-NAD + /GCE, 20 μL of MWCNTs-NAD + aqueous dispersion (5.0 mg MWCNTs dispersed in 5 mL 10 -4 M NAD + solution with ultrasonication for 1 h) was cast onto the inverted GCE surface and dried in air.
Results and Discussion

Characterization of MWCNTs-NAD + nanocomposite
FT-IR spectroscopy is a very useful technique to evaluate the interaction of NAD + with MWCNTs. FT-IR spectra of native MWCNTs, native NAD + and MWCNTs-NAD + are shown in Fig. S1 (Supporting Information). Figure S1 (curve b) shows the FT-IR spectrum of NAD + . The peaks around 1700, 1240, and 1070 cm -1 could be assigned as C=O, P=O and P-O-C stretching modes, respectively. 25 Figure S1 (curve c) shows the FT-IR spectrum of MWCNTs-NAD + nanocomposite. The peaks at 1250 and 1080 cm -1 could be assigned as P=O and P-O-C stretching modes of MWCNTs-NAD + nanocomposite, respectively. Furthermore, the bands at 2923 and 2854 cm -1 (asymmetric and symmetric stretching C-H bonds) are designated to the characteristic absorption bands of the MWCNTs main chain. 26 This fact demonstrated that MWCNTs-NAD + nanocomposite was successfully fabricated. The surface morphologies of different modified electrodes were analyzed by scanning electron microscopy (SEM). Figure 1 shows SEM micrographs of MWCNTs/GCE and MWCNTs-NAD + /GCE. It can be seen that both of them seem to be like porous structures, but the MWCNTs-NAD + membrane layer has high specific surface areas and multiadsorbing sites because of the existing NAD + . NAD + , having an adenine subunit and a nicotinamide subunit, enabled interactions with analytes through strong π-π interaction to improve the sensitivity for analytes determination.
Electrocatalytic oxidation of AA, DA and UA at MWCNTs-NAD + nanocomposite modified electrode
The electrochemical behaviors of AA, DA and UA at bare GCE, MWCNTs modified GCE and MWCNTs-NAD + nanocomposite modified GCE were investigated by cyclic voltammetry (CV). At the bare GCE (Fig. 2 curve a) , the oxidation peaks of AA, DA and UA, completely overlap, and a broad oxidation peak was observed at 0.3 V (anodic current was defined as positive current), which reveals that it is impossible to simultaneously determine these compounds. When MWCNTs/GCE or MWCNTs-NAD + /GCE is used as the working electrodes, the detection sensitivity is significantly improved, and effective separations of the oxidation peak of AA, DA and UA are observed. It is believed that MWCNTs are mainly responsible for the observed electrocatalytic behavior at MWCNTs-NAD + /GCE. However, the existence of NAD + is essential to enhance the sensitivity and specificity of UA. Compared with MWCNTs/GCE, the MWCNTs-NAD + /GCE shows an enhancement of the oxidation peak current and a low background current of AA, DA and UA (curve c). In addition, MWCNTs-NAD + /GCE shows different current response for each compound, and the peak currents of AA, DA and UA increase by 1.1 times, 1.2 times and 2.5 times, respectively. This phenomenon could be explained by considering the different intensity of the π-π interaction between NAD + and each compound. NAD + contains an adenine base and nicotinamide, which facilitates favorable conjugation between each compound. According to the differences of the molecular structure (Fig. S2, Supporting Information) and the theory of the conjugative effect, the π-π interaction between the purine structure of UA and NAD + is much stronger than the π-π interaction of AA and DA with NAD + , which not only makes the electron transfer more feasible between UA and the modified electrode surface, but also accumulates UA on the electrode surface. Therefore, a remarkable enhancement of the oxidation peak current of UA is obtained, which is beneficial for the selective determination of UA from AA and DA.
To support this hypothesis, further investigations were performed concerning the kinetics of DA and UA electrooxidation on the MWCNTs-NAD + modified electrodes. The influence of the scan rate (υ) on the ip of DA and UA was studied by CV (see Fig. 3 ). The oxidation peak currents increase with increasing scan rate, while the oxidation peak potentials gradually shift to positive values. A plot of the anodic peak currents as a function of the square root of the scan rate in the range of 0.02 -1.2 V s -1 shows linear relationships, which indicates that the electrode reaction of DA is a diffusioncontrolled process (see Fig. 3B ). However, a good linear relationship between the peak currents and the scan rates is observed, which indicates that the oxidation of UA on the modified electrode involves surface-controlled processes (Figs. 3C and 3D) . These results also indicated that the presence of the strong π-π stacking interaction between the MWCNTs-NAD + nanocomposite layer and UA could play an important role and affect the electrochemical process.
The remarkable electroactivity of the MWCNTs-NAD + modified electrode towards UA oxidation was then used to develop an electrochemical sensing platform for the detection of UA. In order to increase the sensitivity, we employed a more sensitive voltammetric technique of DPV to obtain the oxidation current responses for different concentrations of UA on the MWCNTs-NAD + /GCE (Fig. 4A) . A good linear correlation (I/μA = 0.045 + 1.65CUA/μM, R = 0.9986, Fig. 4B ) between the oxidation peak current and the concentration of UA, ranging from 0.05 to 10 μM, was obtained with a limit of determination (LOD) of 10 nM, evaluated by a signal three-fold of the background noise. The detection limit is lower by at least one order of magnitude than those of most CNTs-based composite electrodes. 17, [27] [28] [29] For 5 μM UA, the relative standard deviation (RSD %) is 7.5% (n = 6), confirming that the modified electrode for the determination of UA is stable. For the selective determination of UA at the modified electrode, DPV was carried out to study the interference of AA and DA. Figure 5 shows the DPV responses of AA, DA and UA in a mixture. It is found that high concentrations of AA and DA in the mixture solution do not have any significant influence on the peak currents and the peak potentials of UA.
The proposed method was applied to the detection of UA in two human urine samples (using the method of standard addition with satisfactory results). In order to avoid the interferences of the real samples matrix, and to fit into the linear range of UA, only diluted urine samples were added into the electrochemical cell. To establish the correctness of the results, certain amounts of UA were added into the above-mentioned diluted samples, and were then detected. The results are presented in Table 1 . The results are expressed as mean value ± SD based on three replicates (n = 3) determinations.
Conclusions
In this study, a MWCNTs-NAD + modified GCE was successfully constructed and employed for the detection of UA. It is worth noting that our MWCNTs/NAD + modified electrode represents a relatively simple sensing platform among these reported voltammetric sensors, since the construction of CNTs-based composite modified electrodes commonly involves complicated, multiple steps for preparing the electrode materials. Our modified electrode exhibited high sensitivity, wide linear range, low detection limit, good stability and strong anti-interference for detecting the UA concentration. This was attributed to the strong π-π interaction between the MWCNTs-NAD + nanocomposite and UA.
